We have measured the c-axis angular-dependent magnetoresistance ͑AMR͒ of a Na 0.48 CoO 2 single crystal, with a magnetic field of 10 T rotating within Co-O planes. Below the metal-insulator transition temperature at 40 K, the AMR is dominated by a twofold oscillation due to the charge ordering. The fourfold and sixfold oscillations in AMR become pronounced below 25 K. The presence of this fourfold oscillation is consistent with the picture proposed by Choy et al. ͑cond-mat/0502164͒ that the Co lattice will split into two orthogonal sublattices with one occupied by Co 3+ ions and the other by Co 4+ ions in low temperatures. Embedded in these orthogonal sublattices, a hexagonal lattice, formed by Co 4+ spins, leads to the sixfold oscillation in AMR. DOI: 10.1103/PhysRevB.73.212414 PACS number͑s͒: 71.20.Be, 72.20.Ht, 75.30.Fv Recently great attention has been attracted to the investigation of physical properties of Na 0.35 CoO 2 · 1.3H 2 O, 1 which is one of the few known layered transition metal oxides exhibiting superconductivity other than high-T c cuprates. The nonhydrated host oxide Na x CoO 2 is known for its large thermoelectric power.
Recently great attention has been attracted to the investigation of physical properties of Na 0.35 CoO 2 · 1.3H 2 O, 1 which is one of the few known layered transition metal oxides exhibiting superconductivity other than high-T c cuprates. The nonhydrated host oxide Na x CoO 2 is known for its large thermoelectric power. 2, 3 It is a quasi-two-dimensional material and Co atoms form a triangular lattice. The Co-O planes are composed of the edge sharing O octahedra with a Co atom lying at the center of each O-octahedron. Na atoms or H 2 O molecules lie between two neighboring Co-O planes. 4, 5 The phase diagram of Na x CoO 2 is very rich. This cobalt oxide is a paramagnetic metal around x ϳ 0.35 and a CurieWeiss metal ͑a metal with a Curie-Weiss-like magnetic susceptibility͒ around x ϳ 0.66. 6 However, at about x = 0.5, it becomes a charge-ordered insulator in low temperatures. In particular, Na 0.5 CoO 2 exhibits three successive phase transitions at 88, 50, and 25 K, respectively. [5] [6] [7] [8] [9] [10] The phase transition at 88 K is likely to be induced by magnetic ordering. The recent SR and neutron scattering experiments showed that there is a static magnetic order below 88 K. [7] [8] [9] The transition at 50 K results from the formation of charge stripes of Co 3+ and Co 4+ ions. A weak magnetic transition was observed at 25 K in the resistivity as well as low field ͑a few G͒ magnetic susceptibility measurements. 10 Recently, the c-axis magnetoresistance of Na 0.5 CoO 2 was measured. 11, 12 It was found that a magnetic field applied along the c axis has almost no effect on the metal-insulator transition temperature up to 43 T. On the contrary, if a magnetic field is applied parallel to the Co-O planes, the charge ordering is suppressed and the metal-insulator transition disappears above 40 T. It was further found that the system changes from the twofold to the sixfold rotational symmetry when the in-plane field increases from 25 to 45 T at 0.6 K.
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In this paper, we report the measurement data of the c-axis AMR of a Na 0.48 CoO 2 single crystal, with a rotating magnetic field of 10 T applied parallel to Co-O planes, from 5 to 50 K. The AMR measurement is a useful technique for analyzing electronic structures, especially the Fermi-surface topology of a layered material. [13] [14] [15] The Na 0.48 CoO 2 sample is prepared by sodium deintercalation from a Na 0.85 CoO 2 single phased single crystal, synthesized by the floating-zone technique. 16, 17 The crystal of Na 0.85 CoO 2 was immersed in a Br 2 and CH 3 CN solution for more than two weeks for sodium deintercalation. The sodium concentration determined by ICP is 0.48± 0.02. From the x-ray measurements, we found that Na 0.48 CoO 2 is in a single phase and the c axis lattice constant c is 11.144 Å. The magnetoresistance was measured using the standard four-probe low frequency ac method in a PPMS system of Quantum Design. The measurement resolution of resistance is 10 −5 ⍀. Figure 1͑a͒ shows the temperature dependence of the c-axis resistance R c ͑T͒ of Na 0.48 CoO 2 . In the whole temperature range R c ͑T͒ behaves similarly as for Na 0.5 CoO 2 . 5, 6 Initially, R c increases gradually with decreasing temperature. It then shows a dramatic increase below 40 K, as a result of metal-insulator phase transition. Here the metal-insulator transition temperature is lower than the corresponding transition temperature for Na 0.5 CoO 2 . This difference is due to the difference of the Na concentration. Figure 1͑b͒ compares the temperature dependence of R c at zero field with that in an external magnetic field of 10 T applied along the Co-O planes. The corresponding c-axis Fig. 1͑c͒ . The applied field has almost no effect on the metal-insulator transition temperature, but suppresses the resistivity in the charge ordered phase. R c exhibits a weak hump structure around 25 K. A similar R c hump exists in Na 0.5 CoO 2 between 25 and 40 K. ␦R c increases with increasing T in low temperatures. It shows a noticeable deep just below 40 K. This deep is caused by the metal-insulator transition. Figure 2 shows the c-axis AMR of Na 0.48 CoO 2 at different temperatures. At low temperatures, the AMR shows a clear periodical oscillation with fine structures as a function of rotating angle . However, in high temperatures, the oscillation becomes weaker and some of the fine structures disappear.
In order to reveal the hidden periodicities associated with the oscillation of the AMR, we perform a Fourier analysis on the experimental data. The Fourier transformation of R c ͑͒ is defined as
where j =2j / N and n =0,1, ... ,N −1. N͑ϳ450͒ is the total number of data points measured at each circle of rotation of the magnetic field. F n is the nth coefficient of the Fourier expansion. Its absolute value ͉F n ͉ measures the contribution of the conduction channel with n-fold symmetry. Figure 3 shows the Fourier power spectra ͉F n ͉ at different temperatures from 5 to 50 K. Here we concentrate on the components that are physically most relevant, i.e., n =2-8 and 12. We find that F 2 , F 4 , and F 6 are the three most important components. Among them, the component of twofold oscillation ͑F 2 ͒ is the most distinctive one. Figure 4 shows the temperature dependence of the absolute values of F 2 , F 4 , and F 6 .
The Fourier power spectra indicate that a two-fold oscillation contributes most to the c-axis AMR. Below the charge ordering temperature, this is clearly due to the formation of charge stripes. In Na 0.48 CoO 2 , there are both Co 3+ and Co
4+
ions. These ions will form alternating charge stripes in the insulating phase, 5, 6, 18, 19 induced probably by the orthorhombic superstructure of Na atoms. 5, 18 A similar twofold AMR oscillation was observed in lightly doped high-T c cuprates La 2−x Sr x CuO 4 . 20 In that material, it is also believed that a charge stripe exists.
Above the charge ordering temperature, a weak but noticeable twofold oscillation is also observed. In our measurements, the sample is adhered to a "L-shaped" sample holder which can rotate in a magnetic field. A sketch of the rotating apparatus is shown in Fig. 5 . Ideally, the magnetic field should run parallel to the Co-O planes during the rotating process. However, in real measurements, a small tilted angle between the applied field and the Co-O planes exists since the L-shaped sample holder may not be in a perfect right angle. In our measurement, this angle was controlled less than 3°. Other effects, such as the uneven interface between the holder and the sample, may further enlarge this angle. It is difficult to determine accurately the extra angle induced by these effects, but we believe that the total angle between the Co-O planes and the field is less than 5°. During the rotating process, this tilted angle will lead to an oscillating field along the c axis. The maximum field caused by a 5°angle is 0.87 T if a 10 T magnetic field is applied. Such an oscillating field along the c axis could cause a relative weak twofold component in AMR. With the present experimental technique, we cannot distinguish whether the weak twofold oscillation above the charge ordering temperature is an intrinsic property of Na 0.48 CoO 2 or caused by the misalignment between the ab plane of Na 0.48 CoO 2 crystal and the applied field.
The observation of strong fourfold and sixfold oscillations in the AMR below 25 K ͑see Fig. 4͒ implies that the low temperature electronic structure of Na 0.48 CoO 2 contains orthogonal and hexagonal symmetries in addition to the twofold rotational symmetry. This result is consistent with the picture recently proposed by Choy et al. for Na 0.5 CoO 2 based on the calculation of the Hubbard model ͑see Fig. 6͒ , 21 and can be understood as follows. Below the charge ordering temperature, the triangular Co lattice will split into two orthogonal sublattices with one occupied by Co 3+ ions and the other by Co 4+ ions. Co 4+ has a magnetic moment of S =1/2. Below 25 K, Co 4+ spins undergo a weak magnetic transition and form an antiferromagnetic order. Embedded in this fourfold symmetric structure, there exists a sixfold rotational symmetry formed by purely up or down spins. The recent SR measurement also suggested that there is a rearrangement of Co 4+ spins below 25 K. 7 In summary, we have measured the c axis AMR of a Na 0.48 CoO 2 single crystal. We find that the oscillation of the AMR is dominated by a two-fold rotational symmetry below the metal-insulator transition temperature. This is consistent with the observation that the metal-insulator transition is induced by the charge ordering of Co ions. Below 25 K, strong fourfold and sixfold oscillations in the AMR appear in addition to the twofold oscillation. It suggests the charge ordered Co 4+ spins will further become antiferromagnetic correlated in this temperature regime. 5 . Sketch of the rotating apparatus in the AMR experiments. The sample is glued to the sample holder which rotates around OЈOЉ axis in a static magnetic field H. Ideally, the magnetic field should run parallel to the Co-O planes during the whole rotating process. However, in real measurements, there exits a small angle between the applied field and the Co-O planes. This will induce a twofold oscillating field along the c axis. The inset shows the induced magnetic field as a function of rotating angle assuming = 5°and the applied field H =10 T. 
